Abstract. The combustion of municipal sewage sludge allows for the recovery of renewable energy. However, it simultaneously causes the formation of ash which is not neutral for the environment. The study presents the research on the possibility of using sewage sludge ash as a raw material for the synthesis of zeolites. The synthesis of zeolites was performed with the use of an indirect fusion method and a direct hydrothermal method. The research on sewage sludge ash after zeolitization included the identification of crystalized phases, the observation of changes of ash particles surface and the measurement of cation exchange capacity (CEC). The research results proved that optimal conditions for the formation of zeolite Y were the synthesis with the indirect fusion method at the sewage sludge ash to hydroxy sodalite ratio of 1:1.8, the activation temperature of 60 o C and the crystallization temperature of 90 o C. Hydroxy sodalite was found in samples from both methods of zeolitization. However, in the case of direct hydrothermal method, particles of hydroxy sodalite structure were less numerous indicating a small conversion of sewage sludge ash to crystalline zeolite. CEC values comparable to commercial zeolites resulted from zeolitization with the indirect fusion method.
Introduction
Municipal sewage sludge, an unavoidable by-product of wastewater treatment plants, is classified as biomass [1] . Sewage sludge contains 40-85% of organic matter which is the source of renewable energy [2] . The recovery of energy from sewage sludge may be realized by mono-combustion and co-combustion. However, the combustion of sewage sludge causes the formation of sewage sludge ash, whose weight equals approximately 10% of the weight of incinerated sewage sludge [3] . There are known methods of using sewage sludge ash in the production of building materials [4] [5] , the stabilization of soils [6] and the recovery of phosphorus [7] . However, the dominant method of sewage sludge ash disposal is a landfilling [8] . The landfilling of sewage sludge ash poses a threat to the natural environment [9] .
Zeolites are tectosilicates with a framework of [AlO4] -5 and [SiO4] -4 tetrahedra, connected with one common oxygen atom. The connection of tetrahedra generates the existence of empty spaces in the structure [10] . Due to such properties as high ion exchange, high thermal, mechanical and chemical stability, zeolites are commonly used as ion exchangers, molecular sieves, catalysts and adsorbents [11] [12] . Synthetic zeolites can be produced from natural raw materials such as kaolinite [13] , montmorillonite [14] . Waste materials are also used for the synthesis of zeolites as the carriers of SiO2 and Al2O3. Zeolites are obtained among others from coal fly ash [15] , rice husk ash [16] , municipal incinerator fly ash [17] .
A significant similarity of the oxide composition of sewage sludge ash to the composition of coal fly ash used for the synthesis of zeolites is the basis for the beginning of research in this aspect (tab.1.). The synthesis of zeolites from ashes can be realized with one of the methods: a direct hydrothermal method [21] , an indirect fusion followed by a hydrothermal method [22] [23] , a two step hydrothermal method [24] and a molten salt liquid free method [25] . The most commonly used methods are the hydrothermal and fusion methods [26] [27] . The ratio of silicone to aluminum used for the synthesis of the raw material influences the type of obtained zeolite. Moreover, factors such as the concentration and type of alkaline, temperature, pressure and reaction time determine the obtainment of different zeolites from the same fly ash [28] .
The aim of the study is the evaluation of the possibility of using sewage sludge ash for the synthesis of zeolites and the evaluation of the impact of the zeolitization method on the ion-exchange properties of obtained products. It is a pioneering study on zeolitization of municipal sewage sludge ash by the indirect fusion method.
Materials and methods

Materials
In this study sewage sludge from a municipal wastewater treatment plant in Sitkówka-Nowiny near Kielce was used. The wastewater treatment plant receives sewage from Kielce agglomeration, located in the central part of Poland.
Sewage sludge ash was obtained as a result of sewage sludge incineration in a laboratory furnace. Sewage sludge was dried in a laboratory drier at 105 o C. Then, it was crushed in a mortar to a fraction < 125 µm. Sewage sludge was incinerated in a laboratory furnace at the temperature of 600 o C within 11 minutes. The time of sample incineration included the period of furnace warm-up, combustion at a given maximal temperature and the furnace cooling down to the temperature of 20 o C.
Methods of zeolite synthesis
The synthesis of zeolite materials was investigated with two methods: the indirect fusion and the direct hydrothermal method. Different ratios of sewage sludge ash to NaOH samples were used to explore the effect of this parameter on zeolitization. The synthesis conditions for each sample are shown in Table 2 . 
Indirect fusion followed by a hydrothermal method
Sewage sludge ash particles in the amount of 10 g were mixed and ground with granular NaOH to obtain a homogeneous mixture. The mixture was heated in an electric laboratory furnace at the temperature of 550 o C for 1 hour. The sintered mixture was ground and mixed with distilled water (the applied concentration 3 molar NaOH), followed by an aging process with an agitation in a shaking water bath at given temperatures within 12 hours. Then the mixture was crystallized under static conditions at the given temperature within 6 hours. After the completion of the crystallization, the solid product was washed several times with distilled water until the pH of the solution reached 10.0, then dried at 105 o C for 10 hours.
Direct hydrothermal method
Sewage sludge ash particles in the amount of 10 g were mixed with a 3 molar NaOH solution. Then the samples were subjected to activation and crystallization under respectively the same process conditions as for the indirect fusion method followed by a hydrothermal method.
Characterization methods
The chemical compositions of sewage sludge and sewage sludge ash were determined by using the X-ray fluorescence spectroscopy (XRF) method. The research on sewage sludge ash before and after the process of zeolitization included a phase analysis by the X-ray diffraction (XRD). The identification of phases was performed by the comparison of recorded diffractograms and the benchmarks in base ICDD PD-2 and PDF-4+2014. The evaluation of grain structure change was observed with the scanning electron microscopy (SEM).
The cation exchange capacity (CEC) was determined with the use of ammonium acetate. CEC is a measurement of the number of cations in the channels by unit weight that may be replaced by other ions in solutions. The exchangeable cations of samples were replaced by NH4 + using 1M ammonium acetate [29] . The concentration of ammonium ions in solutions was determined with the use of ion chromatography.
Results and discussion
The characteristics of sewage sludge and sewage sludge ash are presented in Table 3 . A significant increase of the content of certain elements in sewage sludge ash in comparison to their content in sewage sludge is caused by among others different volatility of compounds. The volatility of organic compounds is higher in comparison to the volatility of inorganic compounds. Sewage sludge ash is a high-silica ash because the ratio of SiO2 and Al2O3 equals 3.94. Sewage sludge ash consists of: amorphous substance -76.71% mas., quartz -9.12% mas., calcite 4.06% mas., dolomite -3.28% mas., muscovite -4.42% mas., potassium feldspar -1.72% mas., plagioclase -0.47% mas. and other -0.22% mas.
The XRD diffractograms were presented in figure 1 -figure 2 . Diffractograms of samples S1, S2, S3, S4 and S9 indicate that zeolites were not formed while obtained phases were apatite, quartz and magnetite. Therefore for given activation and crystallization temperatures, no differences were found in formed crystalline phases for samples with the SSA:NaOH ratio of 1:1.4. Whereas, a noticeable lack of zeolite structure in sample S5 was caused by an insufficient value of the activation and crystallization temperatures.
Zeolite Y (faujasite) is presented by the diffractogram of sample S10. Depending on the silicone to aluminum ratio of the raw material, faujasite is divided into X and Y. Zeolite X is obtained as a result of the synthesis of raw materials with the ratio between 2 and 3 [29] , while zeolite Y with the ratio from 3 and more [31] . Zeolite Y, obtained under the conditions of zeolitization of sample S10, proves that the synthesis at the crystallization temperature of 90 o C is more favorable than at 60 o C [32] . Diffractograms of samples S11 and S12 show that except for apatite, quartz and magnetite, hydroxy sodalite was also formed. Hydroxy sodalite has the same framework structure as sodalite. Its structure is made up of a framework of 4 -and 6-membered rings
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of SiO4 and AlO4 tetrahedra [33] . The pore size of hydroxy sodalite is smaller than of the zeolites with an eight-member ring aperture [34] . This feature provides many advantages, particularly the access to small molecules like ammonia and water. Therefore hydroxy sodalite is an attractive material for wide applications, such as hydrogen separation, catalysts and pigment occlusion [35] [36] . Samples S5-S8 and S13-S16 obtained as a result of zeolitization with the direct hydrothermal method are characterized by a greater diversity of identified phases in comparison to samples from the indirect fusion method. All samples S5-S8 and S13-S16 except for quartz and apatite contained dolomite and potassium feldspar. The presence of dolomite and potassium feldspar in sewage sludge ash and subsequently in samples after zeolitization with the direct hydrothermal method indicates that both mentioned phases were not entirely transformed. Sample S5, except for the above mentioned phases, contained also plagioclase, calcite and muscovite which were present in sewage sludge ash. The lack of new phases in sample S5 and S13 proves that the activation and crystallization temperatures had insufficient values for the occurrence of effective zeolitization.
Diffractograms of samples S6-S8 and S14-S16 present a zeolite -hydroxy sodalite. The intensity of hydroxy sodalite peaks for these samples is smaller than for samples S11 and S12. For samples S5-S8 and S13-S16 the influence of the SSA:NaOH ratio on the formation of new phases was not found. Whereas, the greatest change in the quality of phases in comparison with the sewage sludge ash used was stated only for samples S7 and S8. Calcite, muscovite and plagioclase were not found in samples S7 and S8. Therefore, the activation temperature of 90 o C is required in order to conduct the process of zeolitization. According to [37] , zeolitization of sewage sludge ash with the hydrothermal method for among many a 3 molar concentration of NaOH, the crystallization temperature of 100 o C
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and the crystallization time of 10 hours also did not cause the formation of clear zeolites, i.e. Zeolite P and hydroxy sodalite. Other crystalline forms present in sewage sludge ash were also in samples after the process of zeolitization. Figure 3 shows the SEM micrograph of the original sewage sludge ash. The SEM presents particles with a compact structure and a smooth surface because of the amorphous substance covering them. ; (e) S13; (f) S14; (g) S15; (h) S16. Figure 4 shows images of samples after zeolitization by the indirect fusion method. The morphology of samples S1, S2, S3 and S4, obtained at the lowest SSA:NaOH ratio has porous surface ( fig.4.a-fig.4.d) . The structure of sample S9-S12, obtained at the ratio SSA :NaOH 1 :1.8 ( fig.4.e-fig.4 .h) is also not homogeneous. Apart from the porous structure, there are also forms with the shape similar to long needles with uneven surface (fig.4.e) . The morphology of SEM image for zeolite Y is an octahedral shape ( fig.4.f) . As illustrated in figures 4.g-4.h, the hydroxy sodalite has a particle size smaller than 5 µm. Figure 5 presents SEM of samples after the process of zeolitization with the direct hydrothermal method. Samples S5 and S13 ( fig.5.a, fig.5 .e) are characterized by a solid structure, a lack of zeolites and clearly noticeable amorphous substance. For samples S6-S8 and S14-S16 the presence of not numerous particles of hydroxy sodalite structure on the amorphous substance indicates a small conversion of sewage sludge ash to crystalline zeolite.
SEM images of the samples formed in this study reveal the change in morphology connected with the zeolitization method.
SEM images confirm the results of the phase analysis. Peaks of high intensity in a low angle range characteristic for zeolite phases do not appear for samples S6-S7 and S14-S16. The peaks are small, often with the intensity similar to the background.
The CEC results of sewage sludge ashes and ashes after zeolitization are presented in figure 6 . The CEC values of sewage sludge ashes subjected to zeolitization with the indirect fusion method are higher in comparison to the values of raw sewage sludge ash. There is a relation for this method of zeolitization, i.e. higher CEC values of samples with the SSA:NaOH ratio of 1:1.4 in comparison to samples with the SSA:NaOH ratio of 1:1.8. Whereas, there is no significant influence of the activation and crystallization temperatures on CEC values in the case of all tested samples for both methods of zeolitization. The CEC values for samples S7, S8 and S13 obtained as a result of zeolitization with the direct hydrothermal method are lower than those of raw sewage sludge ash. Whereas, the CEC values for samples S5, S6, S14-S16 are higher than the values of raw sewage sludge ash but they do not reach the levels of the CEC values of samples subjected to the synthesis with the indirect fusion method. Sample S3 has the highest CEC value from all the tested samples. The CEC value is 426% higher than the value for the raw sewage sludge ash. Whereas, the lowest CEC value belongs to sample S8, obtained as a result of zeolitization with the direct hydrothermal method for the SSA:NaOH ratio of 1:1.4. The CEC value is more than 39% lower than the value for the raw sewage sludge ash.
All samples obtained as a result of the synthesis with the fusion method have significantly higher CEC values in comparison to CEC values of the remaining samples. For samples S1-S4 and S9, the increase of the CEC values is not simultaneous with the formation of zeolite phases. SEM images show that samples S1-S4 and S9-S12 have a more developed porous structure than samples obtained as a result of zeolitization with a direct hydrothermal method. Therefore, it is possible that higher CEC values are not necessarily the evidence of the ion exchange but the occurrence of a different process, for instance the sorption on the porous surface.
Sewage sludge ash subjected to zeolitization with the indirect fusion method has the CEC values at a similar level as the CEC values of natural zeolites. The CEC values of natural zeolites are in the range of 200-500 meq/100g [38] [39] . There are zeolites of higher CEC values, for instance pure hydroxy sodalite has a CEC value of 920 meq/100g [40] . CEC values of the tested samples, significantly lower than CEC values of pure hydroxyl sodalite are approximately the evidence of a small degree of conversion of tested sewage sludge ash into a zeolite material. It is the approximation because other processes may occur apart from the ion exchange. Moreover, the comparison of the obtained CEC values with the literature data involves a little authoritativeness due to the diversity of methods of conducting the ion exchange process.
Conclusions
The study presents the test results of the synthesis of zeolites from sewage sludge ash with the indirect fusion method and the direct hydrothermal method. The results show that synthesis products of better properties can be obtained with the use of the indirect fusion method rather than the direct hydrothermal method.
From a practical point of view, the optimal conditions for the synthesis of zeolite Y are provided by the indirect fusion method at the sewage sludge ash to sodium hydroxide ratio of 1:1.8, the activation temperature of 60 o C and the crystallization temperature of 90 o C. The indirect fusion method should also be used in order to obtain hydroxy sodalite from sewage sludge ash. Moreover, zeolitization with the indirect fusion method caused an increase of the cation exchange capacity value of sewage sludge ash to the level of commercial zeolites.
The combustion of municipal sewage sludge, apart from the energy recovery, allows to obtain a material which can be used as a raw material for the synthesis of zeolites. The obtained zeolites can be used for the removal of ammonium ions from sewage. 
